The incorporation characteristics of three simple tetraarylporphyrins into bilayers of dioctadecyldimethylam monium surfactants was studied by UV-vis, fluorescence, and EPR spectroscopy. The porphyrins used are tetraphenylporphyrin (TPP), tetrakis(4-(hexadecyloxy)phenyl)porphyrin (THPP), and tris(4-(hexadecyloxy)phenyl)(4-methylpyridinium)porphyrin tosylate (TrHPyP). At low porphyrin to surfactant molar ratios (<5 x 10"4) the porphyrins show a strong fluorescence. Increasing this ratio to 5 X 10~3 causes a change in the UV-vis spectra and a decrease of the fluorescence intensity. Time-resolved fluorescence measurements indicated that the latter is due to the formation of non-fluorescent porphyrin aggregates. The spectral characteristics of the porphyrin aggregates are discussed in terms of the formation of different types of aggregates. The location of the porphyrins within the bilayers was investigated by fluorescence quenching experiments using iodide, 9( 10)-bromooctadecanoic acid, and 16-bromohexadecanoic acid. These experiments suggest that THPP is located in the middle of the bilayer and TrHPyP near the aqueous interface. For the parent compound TPP no well-defined position was found. EPR spectroscopy on cast films of dioctadecyldimethylammonium surfactants with the copper derivatives of the porphyrins incorporated (porphyrin-to-surfactant ratio = 5 x 10~3) revealed a clear anisotropic distribution of the latter molecules in the cast bilayers. The angles between the porphyrin normals and the bilayer normal were determined by comparison of experiment with simulated spectra. In the case of THPP and TrHPyP these angles agree very well with an arrangement in which the long porphyrin axis lies parallel to the bilayer surface. The arrangement of TPP aggregates could not be established.
Introduction
The biomimetic chemistry of porphyrins is inspired by the central role of this molecule in important biological processes such as light energy conversion, oxygen transport, and catalysis. In these processes the porphyrin molecule has a variety of functions: it is involved in the process of charge separation, reversible binding of dioxygen, reductive activation of dioxygen, and electron transport. The diverse chemical and photophysical properties of porphyrins are partly the result of variations in the nature of the central metal ion. They are also due to the fact that these molecules are often located in very different environments. In the past a number of biomimetic systems have been described in which the properties of the porphyrin molecule are controlled by modification of this molecule and by changing the surrounding reaction medium.
Our interest is to study the biomimetic properties of synthetic porphyrins incorporated into micelles and lipid bilayers. It has been shown that incorporation of porphyrins in micelles dramati cally alters the rate of metalation of these molecules. 3 Porphyrins anchored to lipid bilayers have successfully been applied for reversible binding of dioxygen in aqueous solutions. 4 The feature of supramolecular organization has been used to mimic the action of the cytochrome P450 enzyme system. 5 In another biomimetic study a membrane-bound porphyrin has been used to achieve regioselective epoxidations. 6 The electron carrier properties of porphyrins incorporated into synthetic membranes have been studied by several groups.7
It is clear that for a proper evaluation of the results of these studies knowledge of the location and orientation of the porphyrins in the lipid bilayer is essential. Furthermore, simple porphyrins are known to aggregate at higher concentrations which alters their catalytic and photophysical properties. In most studies •A bstract published in Advance ACS Abstracts, April 15, 1994 . assumptions on the aggregation and location of porphyrins in lipid membranes have been made based on a limited number of UV-vis, fluorescence, [8] [9] [10] [11] or EPR6*15 measurements. More information is available about the orientation of porphyrins or heme proteins in bilayers. Various techniques like polarized UVvis, fluorescence,12 and EPR spectroscopy615 in combination with computer simulations13-15 have been used. Although in these studies many properties of the porphyrin molecules in lipid bilayers are discussed, they do not give a complete description in terms of location, orientation, and aggregation of these molecules in the bilayers.
In this paper the incorporation characteristics of three tet raarylporphyrins in bilayers formed from the synthetic surfactant dioctadecyldimethylammonium chloride (DODAC) are reported. These porphyrins include 5,10,15,20-tetraphenylporphyrin (TPP), 5,10,15,20-tetrakis(4-(hexadecyloxy)phenyl)porphyrin (THPP), and 5,10,15-tris(4-(hexadecyloxy)phenyl)-20-(4-(N-methylpyridinium))porphyrin tosylate (TrHPyP, see Chart 1) . Two of these porphyrins, THPP and TrHPyP, have hydrophobic sub stituents on the aryl groups, the latter has also a hydrophilic substituent. A combination of the above mentioned techniques is used to study the spatial distribution of these two porphyrins in the bilayers. The results are compared with those obtained for the parent compound tetraphenylporphyrin. 
Results

Incorporation. Upon dispersion in water D O D A C forms well-
defined bilayers with a gel to liquid-crystalline phase transition occurring at 37 °C .16 Since the porphyrins studied are insoluble in water, addition of these molecules to vesicular dispersions of D O D A C did not result in incorporation into the bilayers, as was checked by centrifugation and gel permeation chromatography (G P C ). Successful incorporation could however be achieved by first preparing a mixed film of the porphyrins and D O D A C followed by dispersion of this film in water by sonication. Another procedure involved the injection of an ethanol/T H F solution of the porphyrin and D O D A C into water.17-18 Both methods resulted in the formation of opalescent solutions. In G P C experiments, D O D A C vesicles with CuTPP incorporated have the same elution volume as vesicles without C uT PP incorporated. The waterinsoluble CuT PP did not elute at all, as was checked separately. The other porphyrin-DODAC dispersions showed similar elution profiles. In ultrafiltration experiments, the porphyrin-containing vesicle preparations were quantitatively retarded by membranes with cutoff values up to 100 000 M W . This indicates that incorporation of the porphyrins in the D O D A C bilayers does not result in the formation of small micellar aggregates. Electron micrographs of the various preparations showed that closed spherical vesicles were present. We observed differences in incorporation efficiency between the sonication and injection method. Figure 1 shows, for the sonication method, the amount of porphyrin that is incorporated after centrifugation of the samples, when the porphyrin to D O D A C molar ratio ( R ) is increased. In the case of TPP only a small fraction of the porphyrin was solubilized. The m axim um quantity of this molecule that could be incorporated amounted to R -0.0004. Prolonged incubation of the samples did not increase the incorporation efficiency. T H P P showed a similar behavior, but the maximum quantity incorporated into the bilayers was higher ( R = 0.0008). T rH PyP could be incorporated up to R = 0.0036. These differences can be explained from the fact that T H PP and TrHPyP contain long aliphatic substituents which increase their solubilities in the D O D A C film. The presence of an additional positively charged substituent in T rH PyP makes this porphyrin almost completely soluble in the film.
W ith the injection method, no solubility lim it was found over the concentration range studied, and all three porphyrins were quantitatively incorporated up to R = 0.005 (data not shown).
The fact that the incorporation efficiency does not depend on the initial porphyrin to D O D A C ratio makes the injection method more useful than the sonication method. The small fraction of Wavelength (nm) ---► Aggregation. In Figure 2 the visible absorption spectra of T H P P incorporated into bilayers of D O D A C vesicles at two porphyrin to lipid ratios are shown. A t a low ratio ( R < 5 X 1 0-4) the spectrum has the same maxima as the spectrum of a homogeneous solution of the porphyrin in dichloromethane. Increasing the T H P P concentration in the bilayer caused the absorption spectrum in the B-band region to change, whereas the Q-band region remained undisturbed (see also Table 1 ). Most notable is the splitting of the band at 421 nm into two new bands: one of lower intensity at 402 nm and one of higher intensity at 436 nm. For TPP and TrHPyP, the B-band m axim um shifted to higher and lower wavelength, respectively, when R was increased. The Q-bands remained the same at higher R values (Table 1 ). Most likely, the observed changes are due to the formation of porphyrin dimers or higher aggregates. In the aggregates, a strong exciton coupling will exist between two neighboring porphyrins.19*20 The wavelength shifts due to this coupling are proportional to the oscillator strength of the respective transitions. Since the oscillator strengths of the B-bands are an order of magnitude greater than those of the Q-bands, this may explain why only the B-bands are disturbed. An alternative explanation, viz., that the porphyrins bind to regions of different polarity in the bilayer, cannot be excluded, although such a binding would have been expected to cause a shift of the absorption maxima of the Q-bands as well. [21] [22] The changes in the absorption spectra were accompanied by a strong decrease of the fluorescence intensities ( Figure 3 ), whereas no shifts of the emission wavelengths were observed (Table 1) . This behavior also points to aggregation of the porphyrins in the bilayers when their concentrations are increased.9,19 Disposition of the porphyrins in regions of different polarity is unlikely, because
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The Jo u rn a l o f Physical Chemistry, Vol. 98, No. 21, 1994 5543 in that case the decrease of the fluorescence intensity should have been accompanied by a shift of the emission wavelength. Time-resolved fluorescence measurements at low porphyrin concentration (R = 5 X 10^) showed a monoexponential decay of the fluorescence for TPP and TrHPyP. The observed fluorescence lifetimes were similar to those of homogeneous solutions of the porphyrins in benzene ( Table 2) . A t higher concentrations (R = 5 X 10-3), the fluorescence intensity decreased, but the decay was still monoexponential with the same lifetime. This indicates that the observed fluorescence originates from porphyrin molecules located in similar environments, most likely as monomers when the concentration is low. A n increase in concentration leads to the formation of nonfluorescent species, probably aggregates of porphyrins. A different behavior was observed for T H PP. Both at low ( R = 5 X 1 0-4) and high concentration (R = 5 X 10-3) of the porphyrin in the bilayer the fluorescence intensity decayed biexponentially with fluorescence lifetimes of approximately 11 and 2 ns, respectively ( Table 2 ). The relative contributions of the two processes, however, changed. A t low concentration the longer lifetime process dominated whereas at high concentration the shorter lifetime process was dominant. The observed lifetime of 11 ns is the same as the fluorescence lifetime of monomeric porphyrin dissolved in benzene. Furthermore, the excitation spectrum of T H P P at high concentration is similar to the absorption spectrum of aggregated T H PP. W e may therefore conclude that the longer lived component originates from monomeric T H P P and the shorter lived component from ag gregates of this porphyrin. The fact that the behavior of T H P P differs from that of TPP and T rH PyP can be explained by the formation of different types of aggregates for the three porphyrins. This issue will be discussed below. It should be noted that our fluorescence measurements were carried out above the phase transition temperature of the bilayers. Below this temperature the decays became multiexponential. This indicates that below the phase transition the three porphyrins are located in more heterogeneous environments.
The curve for T rH PyP in Figure 3 can well be described by a model that involves self-quenching within a complex of only dimers. 23 The association constant (K & ) for dimer formation was calculated to be 4.7 X 104 M -1. In this calculation an overall (aqueous) concentration of the porphyrin was used. If this K a value is corrected for the much higher local concentration of the porphyrin in the bilayer,24 an association constant of approximately 254 M _1 is obtained. For the quenching curves of TPP and T H PP, the deviation from this dimer model was, especially at higher R values, considerable. This suggests that higher aggregates are involved. The aggregation numbers for TPP and T H P P were determined by a procedure described by Schick et al. 25 It involves the use of mixtures of zinc and copper porphyrins. In aggregates with one or more copper porphyrins the fluorescence of the zinc porphyrin is effectively quenched via intersystem crossing to a trip doublet state. Therefore, any observed fluorescence intensity originates from aggregates which contain only zinc porphyrins. Assuming a statistical distribution of zinc and copper porphyrins in the aggregates, the relative fluorescence intensity ( / / / 0) is given by eq 1 ,in which I 0 is the fluorescence intensity of aggregates r/I0 = (nzf (1) of pure zinc porphyrin, nZn is the mole fraction of zinc porphyrin, and N is the average aggregation number of the porphyrins. The experiments were carried out at a high porphyrin concentration (R = 5 X 10~3), thus almost all porphyrin molecules are aggregated. Plots of lo g (///0) versus the logarithm of nzn were linear for both TPP and T H PP. The aggregation numbers are given by the slopes of the plots and were found to be 3.5 ± 0.4 and 4.2 ± 0.3 for TPP and T H P P , respectively. Wavelength shifts in aggregates of zinc or copper porphyrin showed similar trends as observed for the free-base porphyrins, indicating that aggregation is independent of the central metal ion.
Location. Quenching of the fluorescence of monomeric porphyrins in D O D A C vesicles was studied with various hydro philic and hydrophobic quenchers. This provided information on the location of the fluorophores within the bilayer. 26 As quenchers we used iodide ions and two brominated fatty acids, viz., 9( 10) -bromooctadecanoic acid27 and 16-bromohexadecanoic acid. For comparison, we also performed experiments with hexadecanoic acid, which does not bear any quenching moiety. The iodide ion is strongly absorbed to the surface of the bilayer, due to strong electrostatic interaction with the quaternary am m onium head groups. This ion is therefore believed to quench only porphyrin molecules located near the aqueous interface. The fatty acids carry a bromine substituent either in the middle or at the end of the alkyl chain. Alignm ent of these alkyl chains with the am phiphile alkyl chains in the bilayer will result in positioning of the bromine substituents either halfway the aqueous interface and the center of the bilayer or near the center of the bilayer. 28 The quenching experiments were performed above the phase-transition temperature of the bilayers. Under this condition there is a fast lateral diffusion of the quenchers and the lipid molecules in the bilayer. Therefore, quenching of the fluorescence will be controlled by the relative position of the fluorophore and the quencher along the bilayer normal. Linear Stern-Volmer plots were obtained up to a quencher concentration of 0.2 m M (10% of the D O D A C concentration). Above this concentration, precipitation of the surfactant and the porphyrin was observed in the case of the iodide. W hen the concentration of the brominated fatty acids was increased above 0.2 m M , the turbidity of the solutions decreased, most likely as the result of micellization of the bilayers. The results of the quenching experiments are presented in Table  3 . As can be seen the fluorescence of TrHPyP is strongly quenched by I", whereas the fluorescence of T H P P is hardly affected by this ion. In contrast, the fluorescence of T rH PyP is hardly quenched by the brominated fatty acids. T H P P on the other 0 The Ks\ quenching constants arc not corrected for partitioning between the aqueous phase and the vesicles. The excitation and emission wavelengths are the B-band maxima and the emission wavelengths, respectively, given in Table 1 Aligned bilayers are easily obtained when a vesicular solution of the surfactant is left to dry out on a flat substrate such as glass or a synthetic film, e.g., M ylar.29 These so-called ucast bilayers" are more or less regular stacked with their planes parallel to the substrate surface. W e were unable to obtain well-oriented structures from D O D A C . This is probably due to poor binding of the chloride counterion to the positively charged bilayer surface of this amphiphile. As a result there will be strong electrostatic repulsion between the bilayers during the drying process which prevents regular stacking. W hen we used D O D A M well-defined cast bilayers were obtained. Wide-angle X-ray diffraction showed the presence of a lamellar structure with a periodicity of 60 A ( Figure  5 ). The thickness of the sheets is much larger than the thickness of a single bilayer, which means that each sheet consists of several bilayers. The square-planar porphyrin ligand system around the copperi l l ) ion gives rise to a strong anisotropy of both the g tensor and the copper hyperfine splitting tensor (^Cu). Incorporation of the porphyrins in oriented bilayers and subsequent measurement of E P R spectra at various angles between these bilayers and the magnetic field will provide information on the orientation of the porphyrins.15'31 To describe this orientation, the coordinate system (xyz)p for the porphyrin molecule is defined as in Figure 6 . In an independent coordinate system (xyz)b the bilayer normal is defined as the z axis and the plane of the bilayer as the xy plane ( Figure 6 ). It is reasonable to suppose that there is no anisotropy of the porphyrins in the xy plane of the bilayers. Furthermore, we assume that the porphyrin molecules have a gaussian distribution a around the angle 6 between the bilayer normal (zb) and the porphyrin normal (zp). The orientation of the porphyrins can now effectively be represented by 6 ± a.
The anisotropy of the E P R signal of a copper(II) porphyrin can be described in terms of gx, gy, gz and Ax, Ay, Az. E P R measurements on single crystals of C uT PP have revealed that the coordinate systems for the g and A tensors coincide with the coordinate system for the porphyrin molecule.32 Because of the 4-fold rotation axis in the porphyrin ligand the g and A tensors
for the x and y direction are degenerate. They are denoted gL and A ±, respectively. The gz and Az tensors are designated as #11 and A \ \ . Due to the coupling of the unpaired electron with the Cu nucleus (/ = 3/ 2), g|| is split into four lines with A \ \ approximately 200 G. Since A ± (typically 20-30 G ) is generally not resolved, g ± remains visible as a single line.
In the first series of experiments E P R spectra were recorded of the purecopper(II) porphyrins in a frozen C H C 13 glass. These powder spectra of C uT PP and C u T H P P did not reveal any nitrogen hyperfine splitting, whereas in the powder spectrum of C uT rH PyP even the copper splitting was unresolved. However, upon magnetic dilution of the solutions with the corresponding zinc porphyrins or free-base porphyrins (ratio of copper porphyrin to zinc or free-base porphyrin = 0.1), both the copper and nitrogen hyperfine splittings became resolved. The loss of the nitrogen hyperfine splitting in the nondiluted samples is due to line broadening because of dipolar relaxation.33,34 This phenomenon can occur even at Cu-Cu distances up to 20 A. This condition is met in very concentrated solutions or when aggregation of porphyrin molecules takes place. Although the g and A parameters can be measured directly from the experimental spectra, more accurate values are obtained when the spectra are simulated. Satisfactory simulations were obtained for the powder spectra of the three porphyrins. The optimal parameters are tabulated in Table 4 . These parameters were used for the simulations of the spectra of the porphyrins in the oriented bilayers. Experimental spectra in which no nitrogen hyperfine splitting was observed, were simulated either with nitrogen hyperfine interaction and linewidth parameters in the order of 60 G or without nitrogen hyperfine interaction and larger linewidth parameters (upto 120G). Bothapproximationsgaveverysimilar results when the same values of the g and ACu tensors were used. The latter approximation however is less time consuming. For the simulation of the spectra of the porphyrins in the oriented bilayers the parameters 6 and c as well as the angle a between zb and the magnetic field vector B must be known. This angle a follows from the experiment and can be adjusted by rotation of the cast bilayers between the magnet poles (see Experimental Section).
The E P R spectra of C uT PP in D O D A M ( R = 0.005) at different angles between the bilayer normal and the magnetic field showed a strong effect of the orientation (Figure 7 ). When the bilayer normal was placed parallel to the magnetic field (a = 0), a spectrum was obtained consisting of four broad lines with gobs = 2.20 and a splitting of about 200 G ( Figure 7A ). These numbers correspond well with the g|| and A \ \ values measured for CuT PP in a C H C13 glass (Table 4 ). W hen the orientation of the bilayer normal with respect to the magnetic field was changed to a = 90°, a spectrum resulted consisting of one broad line with a g0bs similar to g ± for C uT PP in C H C13 ( Figure 7B ). These observations are consistent with an orientation of the porphyrin zp axis approximately parallel with the bilayer normal.
Simulations of the experimental CuT PP spectra were carried out for a range of values of 6 and a at a = 60° and a = 90°. Satisfying results were obtained for 6 ± a = 30 ± 30° ( Figure  7 ). Smaller angles of 6 resulted in a significant discrepancy between the coupling pattern in the simulated spectra and the experimental spectra for a = 0°, whereas for larger values of d the single line observed at a = 90° became split. The shape of simulated spectra was found to depend strongly on the value of a. The large value of a has several origins. First an error is introduced by stacking the cast films on the quartz rod (see Experimental Section) and setting the orientation of the quartz rod in the spectrometer. The sum of these two factors is estimated not to exceed 5°. Irregular stacking of the bilayer sheets in the cast film may also introduce an error. Electron microscopy has revealed that this error does not exceed 5°. For C uT PP the main source, therefore, will be a less-defined orientation of the porphyrin molecules relative to the bilayer normal.
Incorporation of C uT H P P in the cast bilayers of D O D A M at R = 0.005 also led to a dependency of the E P R spectra on a (Figure 8 ). A t a = 90° a spectrum was observed that resembled (G) ---► the powder spectrum of C uT H P P ( Figure 8B ). This points to an orientation of the porphyrin zp axis roughly perpendicular to the bilayer normal. However, a precisely perpendicular orienta tion should result at a = 0° in a spectrum consisting of a single line with a g 0bs similar to measured for C u T H P P in a CH C13 glass. W e observed at this angle a spectrum consisting of four broad incompletely resolved lines ( Figure 8A ). The Cu hyperfine splitting was much smaller than in the powder spectra of CuT H PP. This observation indicates that the orientation of the porphyrin deviates from 6 = 90°.
Sim ulation of the experimental spectra at a = 0° and 90° confirmed this conclusion. Satisfactory results were obtained for 6 ± a = 63 ± 12° (Figure 8 ). For smaller angles of 9 the four lines in the simulated spectra at a = 0° became unresolved and the spectrum at a = 90° became too broad. Larger values of 0 gave the opposite effect. An uncertainty in a of 10° is likely on the basis of consideration of experimental conditions and the quality of the cast film. W e may therefore conclude that the C u T H P P molecules have a well-defined orientation in the cast films.
In the spectra of both C uT PP and C u T H P P the hyperfine splitting due to coupling of the copper nucleus with the nitrogen ligands is not visible. The molar ratio of the porphyrins in the bilayers amounted to R = 0.005. As discussed above, at this (Figure 9) . The spectra at a = 0° and a = 90° suggest that the C uT rH PyP molecules in the D O D A M cast films have an orientation comparable to that of C uT H P P molecules. The spectrum at a = 0°, however, shows a less well resolved splitting pattern than the spectrum of the latter porphyrin. This indicates that 6 is larger for C uT rH P yP than for C uT H P P .
Simulations of the experimental C uT rH P yP spectra at a = 0° and 90° gave the best results for 6 ± a = 73 ± 12° (Figure 9 ).
The line shape of the simulated spectra differed considerably from the shape of the experimental spectra. The positions of the lines, however, agreed very well. Other values for 8 and a gave significant deviations of the positions of the lines in the simulated spectra, whereas the resemblance of the line shapes did not improve. It must be noted that the experimental spectra contain contributions from both T rH PyP-C uT rH PyP mixed dimers and C uT rH PyP dimers. If we assume that T rH PyP and C uT rH PyP are statistically distributed in the dimers and that the intensity of the E P R signal of one molecule of C uT rH P yP is the same in both species, the contribution of C uT rH P yP dimers to the total signal intensity is 20% when the T rH PyP to C uT rH P yP molar ratio is 4:1. As mentioned above, the E P R spectrum of pure C uT rH P yP dimers consists of one broad, nearly isotropic line.
The occurrence of C uT rH P yP dimers in the magnetically diluted sample might therefore account for the deviation in the line shape between the experimental and simulated spectra.
Ishikawaand K unitake15 haveshown that in thecaseof anionic porphyrins dispersed in bilayers of cationic amphiphiles, it is possible to observe the E P R spectrum of a monomeric copper porphyrin, with resolved nitrogen hyperfine splitting. In the present work, the fluorescence experiments (see above) show that at very low porphyrin-to-amphiphile ratios ( R = 0.0005) the porphyrins are present mainly as monomers, however, attempts to obtain E P R spectra of monomeric copper porphyrins in D O D A M cast film at these R values were unsuccessful. The spectra show a clear effect of the orientation but were similar in appearance to those at R = 0.005, i.e., they did not show any nitrogen hyperfine splitting. Apparently, the porphyrins in cast films are still present mainly as aggregated species. W e explain the apparent discrepancy between E P R and fluorescence results by the difference in experimental conditions which may have influenced the aggregation of the porphyrins. The drying of the D O D A M cast films for E P R took place at room temperature, wehre the bilayers are in the liquid-crystalline state, whereas the fluorescence spectroscopic measurements were carried out above the phase transition temperature of the D O D A C bilayers. At lower porphyrin content, R = 0.000 25, the signal-to-noise ratio of the E P R spectra became too low to observe any effect of the orientation or nitrogen hyperfine splitting effect.
Discussion
O ur UV-vis and fluorescence studies show that at low concentrations the porphyrins in the bilayer are present mainly as monomeric species. The location of these species depends on the nature of the substituents on the porphyrin. The presence of four long lipophilic substituents as in T H P P leads to a disposition of the porphyrin near the center of the bilayer, whereas one hydrophilicsubstituentas in T rH PyP is already sufficient to force Figure 10 . Arrangement of porphyrins in aggregates (A ); ra is the vector between the molecular centers of the porphyrins and yx, «¿y, and are the angles between r and the porphyrin .xp, yp, and zp axes, respectively.
Two types of aggregates are shown, viewed along zp: a face-to-face type of aggregate, in which the displacements along the xp and yp axis are equal (B) and an edge-to-edge typeof aggregate, in which thcdisplacemcnt along the xp axis is larger than along the yp axis.
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Increasing the concentration of the porphyrins in the bilayers leads to the formation of aggregates. As expected, the aggregation number of the charged porphyrin T rH PyP is smaller than that of the uncharged ones (2 versus ~4 at R = 0.005). This ability of porphyrins to form aggregates is often overlooked in studies that deal with porphyrins in bilayer systems. O nly the use of sterically hindered porphyrins or porphyrins that have strong electrostatic interactions with the lipid molecules seems to prevent formation of aggregates up to high concentrations of the porphyrins in the bilayer. 4, 15 In almost all porphyrin aggregates of which the structure is known, both in solution and in the crystalline state, the porphyrin xy planes are stacked in a cofacial arrangement with a interplanar distance ranging from 3.5 to 4 A (Figure 10 ). [35] [36] The porphyrin rings are not rotated around any of the three axes, but there is a considerable displacement along the x and y direction. If we do not consider solvent effects or crystal packing forces, the formation of aggregates of porphyrins seems to be dominated by van der W aals interactions between the porphyrin rings. Elec trostatic interactions are of minor importance in this respect.37 These electrostatic interactions, however, do control the geometry of the aggregates. Information on this geometry comes from changes in the absorption and fluorescence spectra of the porphyrins. As was already mentioned in the Results section, these changes are the result of exciton coupling. Several approaches have been advanced to describe this phenomenon.19'20 Kasha's theory gives a good qualitative explanation. This theory predicts that interactions between localized transition dipole moments can cause a splitting of the absorption bands. For a dimer the resulting transition energy ( 
is a dispersion energy term and e is the exciton splitting energy.
In case of cofacially arranged chromophores € is related to the transition dipole moment (q) and the geometry of the aggregate, as given by eq 3.
In eq 3, rcc is the center-to-center distance of the two chromophores in the aggregate and <p is the angle between the center-to-center vector and the transition dipole moment ( Figure  10 ). Since one of the two resulting transitions is symmetry forbidden, exciton splitting usually results in only one absorption band. In porphyrins, however, the excited state is 2-fold degenerated, with one transition dipole moment aligned along the x axis and the other along the y axis. By use of eqs 2 and 3, changes in the absorbance spectra are easily interpred in terms of displacements of the porphyrin molecules along the x and y axes (see Figure 10 ). a These parameters have been taken from the crystal structure of T PP.39 b These parameters have been taken from the structure of T O P P aggregates.25 c ipz is related to <px and < py by the following equation: cos2 <pz = sin2 <px -f sin2 < py - 1. Aggregation of T H P P causes a splitting of the B-band into one band of lower intensity at 402 nm and one band of higher intensity at 436 nm. This splitting can be explained by an edge-to-edge orientation of the molecules (Figure 10 ). In this orientation there is a larger displacement along the x axis and a smaller displacement along they axis. The red-shifted component in the visible spectrum originates from an interaction of the transition dipoles aligned along the x axis with <px being smaller than 54.7°. The blueshifted component originates from interactions of the transition dipoles aligned along they axis, with ^la r g e r than 54.7°. Sim ilar changes in the absorption spectra have been reported for thin films of T H P P 38 and for monolayers of 5,10,15,20-tetrakis(4-(octyloxy)phenyl)porphyrin (T O P P ).25 Apparently, the matrix has little effect on the spectroscopic properties of the porphyrin molecules in the aggregates. The structure of aggregates of the porphyrins in monolayers of T O P P is similar to that in Figure  10C . For the porphyrin molecules in these aggregates <px and <py amounted to approximately 49° and 61°, respectively.
In the case of TPP and T rH PyP the shift of the absorption m axim um of the B-band is very small, and no splitting is observed. W e may therefore conclude that the displacement of the porphyrin molecules in the aggregates must be nearly the same in the x and y directions. Because of the small shift px and <py must be close to 54.7°. If it is assumed that the distance between porphyrin planes is 3.5-4 A, this corresponds to a displacement along the jc and y axis of 2.5-3 A. In crystalline TPP the porphyrin molecules are displaced along the x and y axis by 3.3 A. The center to center distance in the crystals is 5.9 A; hence <px and ipy am ount to 56°.39 W e have already noted that the geometry of the aggregates is controlled mainly by electrostatic interactions between the porphyrin molecules. It is therefore reasonable to assume that the arrangement of the porphyrins in our aggregates will be similar to those reported in the literature. W e will use these arrangements from the literature in the following discussion. The angles <p describing the structures of the aggregates are summarized in Table 5 . For the aggregate structure of T H P P and TPP we have adopted the values of p that have been reported in the literature for monolayers of T O P P 25 and for crystals of TPP. 39 ForT rH PyP no data are available. The angles y?*, <py, and (p2 are therefore set to 54.7° (see above).
Recently, Ishikawa and Kunitake have reported on the orientation of porphyrins with hydrophobic and negatively charged substitunts in cast bilayers formed by positively charged amphiphiles.15 They showed that a porphyrin with four sym metrically distributed negatively charged groups is oriented with the porphyrin plane parallel to the surface of the bilayers. This orientation is most likely the result of ion pairing of the substituents with the amphiphile headgroups. O n the contrary, a nonsymmetrically substituted porphyrin, bearing two negatively charged substituents on one side of the central porphyrin nucleus and two hydrophobic substituents on the opposite side, was oriented more or less perpendicular to the bilayer surface. The precise orientation of this porphyrin plane matched the tilt angle of the lipid chains. O ur E P R measurements on the orientation of the porphyrins in D O D A M cast films are more difficult to interpret than Ishikawa and K unitake's measurements as our porphyrins 5548 The Jo u rn a l o f Physical Chemistry, Vol. 98, No. 21, 1994 van Esch et al. are present as aggregates. The measured angles between the porphyrin normals and the bilayer normal should therefore be discussed in terms of the orientation of the aggregated species in the bilayer and not of the monomeric species as in the case of Ishikawa and Kunitake. To do so a coordinate system (x y z)a for the porphyrin aggregate is defined as indicated in Figure 11 A. In this coordinate system the za axis coincides with the centerto-center vector ^ between two porphyrin molecules in the aggregate (see also Figure 10 ). The porphyrin zp axis is situated in the (x z)a plane. It is most convenient now to describe the orientation of the aggregated species in the D O D A M bilayers by the angle between za and the bilayer normal zb. W e can distinguish three possible orientations: za is oriented parallel to Zb (Figure  1 IB ) , za is oriented perpendicular to Zb (Figure 1 ID ) , or za has an intermediate orientation ( Figure 11C) . A proper orientation of porphyrin molecules in the cast films requires that the aggregates are aligned along the surfactant molecules. W e found that the tilt angle of the surfactant molecules in the cast bilayers is smaller than 10°. Alignm ent of the aggregates along the surfactant molecules therefore implies that za should be oriented either parallel to zb or oriented perpendicular to zb.
In the case of a parallel arrangement of za and Zb the measured angle 9 should be equal to <p2. Although the structures of the aggregates of the three porphyrins may differ, <^z will remain more or less constant with a value of approximately 54° ( Table  5 ). The measured values of 9 (Table 5 ) differ significantly from this value for T rH PyP and TPP. A parallel orientation therefore is unlikely. Moreover, such an orientation would place only one of the positively charged porphyrins in the aggregates of C uT rH PyP near the surface of the bilayer.
In the case of T H P P the difference between 9 and is only 9°. This could point to an alignment of the porphyrin aggregates along the surfactant molecules which have a tilt angle of similar value (X-ray results, vide supra). In such an arrangement the aggregate za axis is no longer parallel to zb but has an angle toward zb equal to the tilt angle of the surfactant molecules ( Figure  11C ). In this case rotation of the aggregates around za does change the angle between zp and Zb-One an easily see that the m axim um and M inim um angles between zp and Zb are equal to the sum and the difference of <^z and the tilt angle, respectively. The averaged angle between zp and z^ however, is still equal to <pz. W hen rotation of the aggregate around its axis is not hindered an angle of 9° between za and zb should have resulted in an overall orientation of T H P P toward Zb of 55 ± 9°. This still does not agree with the experimental value of 9 ± a = 63 ± 12°.
The alternative is a perpendicular orientation of za with respect to zb. W hen xa is chosen to be parallel with zb, the measured angle 9 is the complement of <^z in the xaza plane: (90° -0 Z). Comparison of 9 with this complement shows that they are different. Rotation of the aggregates around zb is possible, but this does not change the orientation of zp toward zb. Rotation around za, however, does change the orientation of zp toward zb (Figure 1 ID ) . The relation between 0, and the angle of rotation (aja) around za is given by eq 4. sin 28 = cosz ^ -I-sinz tpT sin^ oo a (4) Rotation of the aggregate around za may result in preferred values for coa as the aggregates have no cylindrical symmetry. Certain discrete wa values will result in a more favorable disposition of the porphyrin molecules in the bilayer than other coa values. This will especially be the case for C uT rH P yP. The charged substituents in the aggregates of this porphyrin will preferentially be located near the aqueous interface. Calculation of wa for a perpendicular orientation of za and zb using the values of 9 and <p: in Table 5 reveal that this angle of roation must have values of 56° and 69° for C u T H P P and C uT rH P yP, respectively. The a values found for C u T H P P and C uT rH P yP imply that rotation around za is strongly hindered, since variations in a;a would have resulted in a higher value of a. Taken together we may conclude that an orientation of the aggregates as depicted in Figure 1 ID nicely accounts for the experimental results for C u T H P P and C uT rH PyP.
For TPP the situation is less clear. As we already discussed above, a small tilt angle of the surfactant molecules of ap proximately 10° accompanied by a similar tilt angle between the aggregate axis and the bilayer normal causes a m axim um change in the angle between zp and Zb (equal to <p2 for a parallel arrangement of za and zb) of 10°. This does not account for the observed value of 9 ± a = 30 ± 30°. A perpendicular arrangement of za and Zb also does not give a satisfying explanation for the experimentally found orientation between zp and Zb. Evaluation of equation 5 gives for = 54.7° a m inim um value of 9 = 35.3° if coa = 0°, whereas the experimentally determined value of 9 ± a amounts to 30 ± 30°. The large value of a could have explained the difference but as we have already mentioned only a minor part (approximately 10°) can be ascribed to the experimental error in the determination of the orientation. The major part of a does represent a real variation of the angle between zp and Zb-This is most likely due to an unhindered rotation of the aggregate around its axis. In the case of a perpendicular arrangement of za and zb, rotation around za would have caused 9 to range from (90° -<p2) % which is entirely different from the observed value of 9 and a. W e therefore have to conclude that the observed orientation of C uT PP in cast films of D O D A M cannot be adequately explained by any of our models.
In the case of C u T H P P and C uT rH P yP rotation around the aggregate za axis of 56° and 69°, respectively, makes the porphyrin x axis become approximately parallel to the zazb plane. A consequence of this is that two adjacent phenyl substituents of C u T H P P will be located in one of the monolayer halves and the two opposite phenyl substituents in the other monolayer half. This allows the porphyrin alkyl chains to be aligned with the lipid alkyl chains ( Figure 12A ). In the case of C uT rH P yP two (hexadecyloxy)phenyl chains will point to the hydrophobic part of the bilayer, whereas the positively charged substituent together with one (hexadecyloxy)phenyl will point toward the aqueous interface. The latter chain is most likely bent backward into the bilayer ( Figure 12B ). For TPP, as mentioned, the arrangement is unknown. Fluorescence Measurements. Fluorescence measurements were carried out in duplicate and at least for two different vesicle preparations. Before measuring the samples where purged with argon for 20 min. Quenching of the fluorescence was studied by titrating 1 m L of a vesicle solution (R = 5 X 10-4, [porphyrin] = 10-6 M ) with 5 juL aliquots of a 5 m M stock solution of the quencher (aqueous solutions of sodium iodide or (brominated) fatty acids dissolved in ethanol). Ethanol had no effect on the fluorescence intensity, nor had sodium chloride, as was checked separately. The fluorescence intensity was recorded 3 min after each addition of the quencher during 1 min. The measured fluorescence intensities were corrected for volume increments.
Preparation of Cast Bilayers for the E P R Measurements.
Vesicle dispersions of D O D A M (5 m M ) containing porphyrin were prepared by the ethanol injection method. Aliquots of these dispersions (2 m L ) were left to dry on a M ylar film in an desiccator over sodium hydroxide. The resulting brittle films were carefully cut into 3X15 mm strips. In general 15-25 strips were stacked on a quartz rod and fixed with Sellotape. This rod was subsequently placed in the E P R spectrometer. The angle a could be set by the goniometer. Electron Microscopy. Samples for transmission microscopy were prepared by the negative staining method. Carbon coted grids were made hydrophilic by exposure to an argon plasma for 2 min. A droplet of a 2.5 m M D O D A C suspension was placed on the grid for 1 min after which it was drained with filter paper. Following this a droplet of a 1 w t% aqueous uranyl acetate solution was placed on the grid and also removed after 1 min.
Samples for scanning electron microscopy were prepared by fixing a piece of the cast film between two microscope slides and fracturing the film in liquid nitrogen at the edges of the slides. The sample was immediately covered with a moderate gold layer by ion sputtering.
Simulations of the E P R Spectra. For the simulations a modified version of a program written by Dr. W . R. Hagen was used. The analytical expressions used in this program are derived from perturbation theory up to second order for the central ion and first order for the ligand nuclear spins. All hyperfine tensors were assumed to be collinear with the g tensor. Quadrupole
interactions were ignored and natural abundance distribution of the copper isotopes was assumed. The line shape was assumed to be Gaussian and via asymmetry parameters related to the metal nuclear spin quantum number.47 For the simulation of the E P R spectra with an anisotropic distribution of the porphyrin in the magnetic field we used the expressions for the direction cosines from ref 15. The definitions of the coordinate system for the magnetic field, the cast film, and the porphyrin molecule used in this paper are consistent with those defined by Ishikawa and K unitake.15
